Sprouty proteins are recently identified receptor tyrosine kinase (RTK) inhibitors potentially involved in many developmental processes. Here, we report that Sprouty proteins become tyrosine phosphorylated after growth factor treatment. We identified Tyr55 as a key residue for Sprouty2 phosphorylation and showed that phosphorylation was required for Sprouty2 to inhibit RTK signaling, because a mutant Sprouty2 lacking Tyr55 augmented signaling. We found that tyrosine phosphorylation of Sprouty2 affected neither its subcellular localization nor its interaction with Grb2, FRS2/SNT, or other Sprouty proteins. In contrast, Sprouty2 tyrosine phosphorylation was necessary for its binding to the Src homology 2-like domain of c-Cbl after fibroblast growth factor (FGF) stimulation. To determine whether c-Cbl was required for Sprouty2-dependent cellular events, Sprouty2 was introduced into c-Cbl-wild-type and -null fibroblasts. Sprouty2 efficiently inhibited FGF-induced phosphorylation of extracellular signal-regulated kinase 1/2 in c-Cbl-null fibroblasts, thus indicating that the FGF-dependent binding of c-Cbl to Sprouty2 was dispensable for its inhibitory activity. However, c-Cbl mediates polyubiquitylation/proteasomal degradation of Sprouty2 in response to FGF. Last, using Src-family pharmacological inhibitors and dominant-negative Src, we showed that a Src-like kinase was required for tyrosine phosphorylation of Sprouty2 by growth factors. Thus, these data highlight a novel negative and positive regulatory loop that allows for the controlled, homeostatic inhibition of RTK signaling.
INTRODUCTION
Intracellular signaling through receptor tyrosine kinases (RTKs) controls many aspects of cell fate during development. The Ras/Raf/extracellular signal-regulated kinase (Erk) pathway is a major signal transduction cascade used by RTKs to mediate cell proliferation and/or differentiation (reviewed in Schlessinger, 2000) . In this pathway, binding of an extracellular ligand to its cognate RTK leads to receptor dimerization and tyrosine autophosphorylation. Subsequently, the RTK recruits, through various adaptor molecules, such as Grb2, the guanine nucleotide release factor Sos, which converts the small GTPase Ras to its active GTPbound state. Once activated, Ras stimulates a phosphorylation cascade involving Raf, mitogen-activated protein kinase kinase 1/2, and Erk1/2. Activated Erk1/2 subsequently translocate to the nucleus where they phosphorylate and activate numerous target proteins, including transcription factors, that ultimately effect changes in the pattern of gene expression (reviewed in Campbell et al., 1998) .
RTK signaling pathways are negatively regulated with respect to both duration and intensity to ensure appropriate responses that are critical for normal development. In Drosophila, the sprouty (spry) gene was originally identified as an antagonist of tracheal branching (Hacohen et al., 1998) and was subsequently shown to be a general inhibitor of RTKs (Casci et al., 1999; Kramer et al., 1999; Reich et al., 1999) . cDNAs corresponding to multiple orthologues of spry have been identified in the mouse, human, chicken, Xenopus, and zebrafish (Minowada et al., 1999; Chambers and Mason, 2000; Furthauer et al., 2001; Nutt et al., 2001) . In mammals, four unique spry genes have been identified to date. Vertebrate Spry proteins are significantly smaller than Drosophila Spry (ϳ300 vs. 591 amino acids) but share a highly conserved C-terminal cysteine-rich region, which seems to be responsible for the membrane localization of Spry proteins through palmitoylation (Lim et al., 2000) . Of note, this region is also present in the newly identified Spred family of RTK inhibitors .
Similar to Drosophila spry, vertebrate spry genes seem to play important roles during development. In Xenopus, overexpression of Spry blocks gastrulation (Nutt et al., 2001) . In zebrafish, Spry regulates the dorsoventral patterning of the embryo (Furthauer et al., 2001) . In mammals, Spry proteins may be involved in the formation of the limbs, lung, and kidney, as well as in angiogenesis (Minowada et al., 1999; Impagnatiello et al., 2001; Lee et al., 2001; Mailleux et al., 2001; Gross et al., 2003) .
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Spry proteins antagonize a wide range of RTKs (Gross et al., 2001; Impagnatiello et al., 2001 ), but they seem to specifically inhibit the Ras/Raf/Erk pathway, leaving the phosphatidylinositol 3-kinase and other MAP kinase pathways intact (Gross et al., 2001; Yusoff et al., 2002) . Previously, we localized Spry inhibitory activity downstream of the RTK and upstream of Ras activation, thus confirming the genetic data obtained with Drosophila spry (Casci et al., 1999; Gross et al., 2001) . Interactions between Spry proteins and components of the Ras/Raf/Erk pathway, such as Grb2 (Gross et al., 2001 ) and c-Cbl (Wong et al., 2001) , have been described, but the precise molecular mechanism by which the signal is blocked remains unknown.
Another characteristic of the Spry inhibitors is their regulation by growth factors in a negative feedback loop. Specifically, growth factors regulate both the level of spry transcripts (Minowada et al., 1999) , and in some systems, the recruitment of Spry proteins to the plasma membrane (Lim et al., 2000) . Here, we show that growth factors also critically control Spry activity through rapid and reversible tyrosine phosphorylation. Importantly, each Spry family member was selectively tyrosine phosphorylated by a unique cohort of growth factors and with different kinetics, suggesting nonredundant functions for the Spry proteins. Tyrosine phosphorylation of Spry2 was necessary for its ability to inhibit RTK-dependent Ras/Erk signaling and for its interaction with the E3 ubiquitin ligase c-Cbl, which terminates the signal inhibition through the regulation of Spry2 protein levels. Collectively, our work reveals the complexity and specificity of both the regulation and the mode of action of the Spry proteins.
MATERIALS AND METHODS

Plasmids
Vectors expressing Myc-tagged Grb2, SRE-Luc, and FLAG-tagged mouse Spry1 and Spry2 were described previously (Gross et al., 2001) . Spry2 mutants were generated using the QuikChange site-directed mutagenesis kit (BD Biosciences Clontech, Palo Alto, CA) and using FLAG-tagged wild-type Spry2 as the template: Spry2 Y3 A mutants (tyrosine residues replaced by alanines); Spry2 G58N mutant (glycine 58 replaced by asparagine); Spry2/4 mutant (amino acids 54, 56, 57, and 58 of Spry2 replaced by the corresponding amino acids of Spry4). EcoRI-XbaI fragments from FLAG-tagged mouse Spry2 wildtype or mutant Tyr55 were cloned into pcDNA3.1(ϩ) to express nontagged Spry2 proteins. The spry4 cDNA was isolated by polymerase chain reaction by using primers to mouse spry4 (nt 288 -305, nt 1188 -1205 of GenBank NM_011898) and mouse genomic DNA. An EcoRI-XbaI fragment of this cDNA was subcloned in the pcF2H vector. A mammalian retroviral LTR vector, pMSCV-MIGR1, expressing a FLAG-tagged wild-type Spry2, as well as green fluorescent protein (GFP), was described previously (Gross et al., 2001) . pcDNA3.1(ϩ)-c-Cbl was obtained by subcloning a BamHI-XbaI fragment from pUC-human c-Cbl (American Type Culture Collection, Manassas, VA) into BamHI-XbaI of pcDNA3.1(ϩ). pcDNA3.1(ϩ)-c-Cbl G306E was derived from pcDNA3.1(ϩ)-c-Cbl by using the QuikChange XL site-directed mutagenesis kit (BD Biosciences Clontech). Hemagglutinin (HA)-Erk2 was obtained from A.M. Chan (Kimmelman et al., 2000) . HA-ubiquitin was obtained from D. Bohmann (Treier et al., 1994) . All Src expression vectors were obtained from Upstate Biotechnology (Lake Placid, NY). The coding region of each new construct was verified by sequencing.
Cell Culture, Growth Factors, and Transfection Methods
NIH3T3 and Flg22 cells, the latter kindly provided by Dr. Mitch Goldfarb (Mount Sinai School of Medicine, New York, NY), were maintained in DMEM supplemented with 10% calf serum and transfected with LipofectAMINE Plus (Invitrogen, Carlsbad, CA). Spry1 and Spry2 tetracycline-repressible cell lines have been described previously (Gross et al., 2001) . The murine myoblast cell line C2C12 was cultured in DMEM supplemented with 10% fetal calf serum (FCS). c-Cbl ϩ/ϩ and c-Cbl Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) have been described previously (Duan et al., 2003) . Serum deprivation was performed in the appropriate culture media containing either 0.5% calf serum (NIH3T3 and Flg22 cells) or 0.5% FCS (C2C12 cells and MEFs) for 20 h. All growth factors (human recombinant platelet-derived growth factor-BB [PDGF], human recombinant epidermal growth factor [EGF] , and human recombinant basic fibroblast growth factor [FGF] ) were obtained from Invitrogen, (Carlsbad, CA). PP2, SU6656, and SU5402 were purchased from Calbiochem (San Diego, CA). AG1478 and N-acetyl-L-leucyl-L-leucyl-L-norleucinal (LLnL) were obtained from Sigma-Aldrich (St. Louis, MO).
Expression of Spry2 Constructs in c-Cbl-deficient Cells
A cDNA construct encoding FLAG-tagged wild-type Spry2 was cloned into the retrovirus expression vector pMSCV-MIGR1, allowing for selection by GFP. Ecotropic Phoenix packaging cells were transiently transfected with either pMSCV-MIGR1 or pMSCV-MIGR1-FLAG-Spry2 by using FuGENE 6 transfection reagent (Roche Diagnostics, Indianapolis, IN) . Culture supernatants were collected 2 d after transfection and filtered through 0.45-m pore-size filters. c-Cbl ϩ/ϩ and c-Cbl Ϫ/Ϫ MEFs were infected with retroviruses by culturing the cells for 18 h in 1:1 Phoenix conditioned media (␣-minimal essential medium, 10% FCS, supplemented with 4 g/ml Polybrene; Sigma-Aldrich). Three days after infection, the cells were sorted for GFP expression and expanded. The cells were serum starved for 18 h in ␣-minimal essential medium containing 0.5% FCS before stimulation with either 20 ng/ml human recombinant basic FGF or human recombinant EGF for various times at 37°C. Lysates (50 g) were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membrane for immunoblot analysis.
Immunoblot Analysis
Cells lysis and immunoblot analysis were essentially performed as described previously (Gross et al., 2001) . The following primary antibodies were used: FLAG M2 mouse monoclonal (1/5000; Sigma-Aldrich); phospho-p44/42 MAP kinase (Thr202/Tyr204) clone E10 mouse monoclonal (1/5000; New England Biolabs, Beverly, MA); Erk2 clone K-23 rabbit polyclonal (1/1000; Santa Cruz Biotechnology); phosphotyrosine-RC20:HRPO mouse monoclonal (1/2500; BD Transduction Laboratories, Lexington, KY); phosphotyrosine clone 4G10 mouse monoclonal (1/1000; Upstate Biotechnology); c-Myc clone 9E10 mouse monoclonal (1/1000; Santa Cruz Biotechnology); Src clone GD11 mouse monoclonal (1/5000; Upstate Biotechnology); c-Cbl clone C-15 rabbit polyclonal (1/1000; Santa Cruz Biotechnology); Grb2 clone 81 mouse monoclonal (1/5000; BD Transduction Laboratories); FRS2 clone H-91 rabbit polyclonal (1/1000; Santa Cruz Biotechnology); anti-Sprouty rabbit polyclonal (1/1000; Upstate Biotechnology); ubiquitin clone P4G7 mouse monoclonal (1/1000; Covance, Denver, PA); phospho-EGF receptor (Tyr845) rabbit polyclonal (1/1000; Cell Signaling Technology, Beverly, MA); and GAPDH mouse monoclonal (1/1000; Chemicon International, Temecula, CA). A rabbit polyclonal serum was generated to a KLH-conjugated peptide corresponding to amino acids 82-94 of mSpry2 (GenBank NP_036027). Antibodies were affinity purified using the antigenic peptide coupled to Sepharose. Synthesis of the peptide, coupling, injections and purification were performed by Covance. For the detection, one of the following conjugated antisera was used: peroxidase-goat anti-rabbit IgG H ϩ L (1/7000; Chemicon International); or peroxidase-goat anti-mouse IgG H ϩ L (1/7000; Chemicon International). Finally, the membranes were developed using enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ).
Immunofluorescence
Cells on coverslips were fixed in 4% paraformaldehyde-phosphate-buffered saline (PBS) for 30 min, permeabilized with 0.2% Triton X-100-PBS for 10 min, and blocked with 5% bovine serum albumin-PBS for 45 min at room temperature (RT). The primary antibody was a mouse monoclonal anti-FLAG (1 g/ml, 45 min at RT; Sigma-Aldrich) and the secondary fluorescein isothiocyanate-conjugated donkey anti-mouse IgG (1/1000, 30 min at RT; Jackson ImmunoResearch Laboratories, West Grove, PA). Coverslips were mounted in 4,6-diamidino-2-phenylindole-containing Vectashield (Vector Laboratories, Burlingame, CA) and examined using a Leica TCS-SP (UV) confocal microscope.
Subcellular Fractionation
Cells were scraped on ice in a hypotonic buffer (10 mM Tris, pH 7.5, 25 mM NaF, 5 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol, 2 mM Na 3 VO 4 ) containing one tablet of Complete proteases inhibitors (Roche Applied Science, Indianapolis, IN) per 50 ml. After 40 stokes of a Dounce homogenizer, extracts were fractionated by centrifugation as described previously (Graham, 1993) . Briefly, after a 5-min centrifugation at 800 ϫ g to eliminate the nuclei, supernatants were centrifuged for an additional 30 min at 8000 ϫ g. The resulting pellets (P1) were resuspended in a NP-40 lysis buffer (Gross et al., 2001) , and the supernatants were ultracentrifuged for 50 min at 100,000 ϫ g. The resulting pellets (P2) were resuspended in the NP-40 lysis buffer, whereas the supernatants (S) were concentrated and washed twice with the NP-40 lysis buffer by using Ultrafree-15 centrifugal devices (Biomax-10 NMWL; Millipore, Bedford, MA) and diluted fourfold in this buffer to have all fractions in the same final NP-40 buffer for immunoprecipitation.
Coimmunoprecipitation and Luciferase Assays
NIH3T3 cells were transfected with the indicated expression constructs and reporter genes. Both assays were performed as described previously (Gross et al., 2001) .
RESULTS
Spry Proteins Are Tyrosine Phosphorylated on Growth Factor Treatment
The fact that many components of RTK signaling pathways are regulated by tyrosine phosphorylation prompted us to determine whether this was the case for Spry proteins. First, we examined the tyrosine phosphorylation state of Spry in Tet-repressible NIH3T3 cells, because we had previously used these cells to characterize the ability of Spry to inhibit RTK signaling (Gross et al., 2001) . The Spry1 and Spry2 Tet-repressible cells were serum starved in the presence or absence of tetracycline in the culture medium before stimulation with FGF and lysis. Immunoprecipitation of the Spry proteins followed by immunoblot analysis with a phosphotyrosine-specific antibody was performed to determine the tyrosine phosphorylation state of Spry proteins. In the absence of FGF stimulation, no phosphorylation of the immunoprecipitates was detected ( Figure 1A ). In contrast, upon FGF stimulation (5 min), robust phosphorylation of both Spry1 and Spry2 was observed ( Figure 1A) . No phosphorylation was detected in the absence of Spry expression, indicating the specificity of the signal.
Next, using the same experimental assay, we examined whether Spry1, Spry2, and Spry4, transiently overexpressed in NIH3T3 cells, were similarly phosphorylated in response to various growth factors. In serum-starved NIH3T3 cells, phosphorylation of immunoprecipitated Spry proteins was barely detectable with a phosphotyrosine-specific antibody ( Figure 1B ). On growth factor treatment (10 min), Spry1 and Spry2 but not Spry4 became strongly tyrosine phosphorylated ( Figure 1B ; our unpublished data for other time points). The resultant phosphorylation seemed to be specific for growth factors because serum treatment alone did not stimulate tyrosine phosphorylation of Spry. Importantly, the tyrosine phosphorylation of Spry1 and Spry2 in response to different growth factors was not equivalent. Specifically, in NIH3T3 cells, Spry1 was tyrosine phosphorylated upon FGF or PDGF stimulation, whereas Spry2 was phosphorylated with FGF or EGF stimulation ( Figure 1B ; our unpublished data for other time points). Moreover, a time course analysis of Spry1 and Spry2 tyrosine phosphorylation after FGF treatment revealed differences in the kinetics of the phosphorylation for these two proteins: tyrosine phosphorylation of Spry1 was very rapid and peaked 5 min after stimulation, whereas tyrosine phosphorylation of Spry2 was maximal at ϳ30 min after addition of growth factor ( Figure 1C ). Comparison of Spry2 phosphorylation induced by FGF and EGF also revealed differences in the kinetics of the phosphoryla- Figure 1 . Spry proteins are tyrosine phosphorylated upon growth factor treatment. (A) Spry1 or Spry2 NIH3T3 Tet-repressible cells were serum starved in the presence (ϩTet) or absence (ϪTet) of tetracycline and stimulated for 5 min with FGF (40 ng/ml) before lysis. Proteins were incubated with a FLAG antibody, and the immunoprecipitates (IP FLAG) were analyzed by immunoblotting by using an antibody directed against phosphotyrosine (P-Tyr) and the FLAG antibody.
(B-D) NIH3T3 cells, transfected with FLAG-tagged Spry expression vectors, were serum starved and treated with the indicated growth factor (40 ng/ml) before lysis. Phosphorylation and expression of Spry proteins were detected as described above. (B) Spry1 and Spry2 but not Spry4 are tyrosine phosphorylated after 10 min of growth factor treatment. (C) Time course of FGF treatment showing that tyrosine phosphorylation of Spry1 and Spry2 exhibit different kinetics. (D) Time course indicating that tyrosine phosphorylation of Spry2 by FGF and EGF exhibits different kinetics. Erk1/2 activation was detected in lysates (Lys.) by using an antibody directed against phosphorylated Erk1/2 (P-Erk1/2). (E) C2C12 cells were serum starved and stimulated for 5 min with EGF (40 ng/ml) before lysis. Proteins were incubated with a Spry2 antibody or rabbit immunoglobulins as a negative control. The immunoprecipitates were analyzed by immunoblotting with an antibody directed against phosphotyrosine (P-Tyr) and the Spry2 antibody. Expression of endogenous Spry2 in the lysates was detected with the same Spry2 antibody, and stimulation was confirmed with a phospho-Erk1/2 antibody. Each experiment was repeated at least twice with similar results obtained.
tion: tyrosine phosphorylation induced by FGF was detected 3 min after treatment and persisted for at least 2 h, whereas tyrosine phosphorylation induced by EGF was more transient, lasting for Ͻ30 min ( Figure 1D ). Thus, the kinetics of Spry2 tyrosine phosphorylation closely correlated with the activation of the Erk1/2 MAP kinases by FGF or EGF ( Figure  1D ). On a long exposure, the expected doublet for the phospho-Erk1/2 signal was observed but was not ideal to demonstrate the parallel between Spry2 tyrosine phosphorylation and Erk1/2 activation.
Because these experiments demonstrated the ability of overexpressed Spry proteins to become tyrosine phosphorylated by growth factors, we next tested the ability of endogenous Spry2 to become tyrosine phosphorylated in response to EGF. C2C12 cells, which express relatively high levels of Spry2, were depleted of serum and then stimulated in the absence or presence of EGF (40 ng/ml) for 5 min. Immunoprecipitations were performed with either an antiSpry2 antibody or rabbit immunoglobulins as a control followed by immunoblotting with a phosphotyrosine-specific antibody ( Figure 1E ). As shown, EGF stimulated the robust tyrosine phosphorylation of Spry2. Stripping and reprobing the membrane with an anti-Spry2 antibody demonstrated equal immunoprecipitation of Spry2. Importantly, Spry2 was not immunoprecipitated with the control rabbit immunoglobulins. Anti-Spry2 and anti-phospho-Erk1/2 immunoblotting of lysates confirmed Spry2 expression and growth factor stimulation of the cells, respectively.
Tyrosine 55 Is Required for the Tyrosine Phosphorylation of Spry2 in NIH3T3 Cells
Spry proteins contain several tyrosine residues, of which five are conserved among the mammalian family members. To identify the tyrosine(s) crucial for phosphorylation by growth factors, we generated point mutants of Spry2 for each of the conserved tyrosine residues, as well as other tyrosine residues predicted to be phosphorylated (Blom et al., 1999) . All of the mutant Spry2 proteins, except one, became tyrosine phosphorylated after FGF or EGF stimulation ( Figure 2A ). Specifically, only the absence of tyrosine 55 (Tyr55) dramatically reduced the ability of FGF or EGF to induce tyrosine phosphorylation of Spry2. A time-course experiment after FGF or EGF treatment further confirmed that Spry2 tyrosine phosphorylation was not just delayed but was undetectable by anti-phosphotyrosine immunoblotting upon loss of Tyr55 ( Figure 2B ). Collectively, these results suggested that Tyr55 played a key role in the tyrosine phosphorylation of Spry2 in NIH3T3 cells and that Tyr55 may be phosphorylated by growth factors.
Tyrosine Phosphorylation Is Required for Spry2 Activity
We previously showed that Spry2 was able to inhibit nuclear targets of growth factor signaling by using a serum response element (SRE)-Luciferase reporter assay (Gross et al., 2001) . We therefore compared the abilities of wild-type Spry2 and the Spry2 Y55A mutant to inhibit the FGF-induced expression of a SRE reporter gene when cotransfected in NIH3T3 cells. As expected, wild-type Spry2 reduced the expression of the reporter gene by 50% ( Figure 3A ). In contrast, the Spry2 Y55A mutant had the opposite effect, stimulating the expression of the reporter gene by a factor of 4 ( Figure 3A ). We also examined the effect of the Spry2 Y55A mutant on FGF-induced phosphorylation of the MAP kinase Erk2 and found that the activation of Erk2 was enhanced in the presence of the mutant protein ( Figure 3B ). These results showed that tyrosine phosphorylation was required for the inhibitory effect of Spry2 on growth factor signaling and suggested that Spry2 Y55A functioned as a dominant-negative protein, possibly by reversing the repressive functions of endogenous Spry2.
Tyrosine Phosphorylation Does Not Affect Spry2 Localization
Because Spry proteins were previously shown to be recruited to the plasma membrane upon EGF treatment in Cos-1 cells (Lim et al., 2000) , the role of tyrosine phosphorylation in the subcellular localization of Spry2 was next tested. In serum-starved NIH3T3 cells, wild-type Spry2 exhibited the characteristic mesh-like cytoplasmic distribution previously described in Cos-1 cells, although a significant fraction was constitutively located at the plasma membrane ( Figure 4A, a) . On FGF or EGF treatment (10 min), wild-type Spry2 localized to vesicular structures and to the plasma membrane ( Figure 4A , c, e, g, and I; our unpublished data for other time points). The subcellular localization pattern of the Spry2 Y55A mutant was indistinguishable from that of wild-type Spry2 under all conditions tested in NIH3T3 cells ( Figure 4A, b, d , f, h, and j; our unpublished data for other time points) or in Cos-1 cells (our unpublished data).
We also performed a biochemical fractionation of transfected NIH3T3 cells to determine the subcellular localization of wild-type Spry2 and the Spry2 Y55A mutant under various experimental conditions. Using this approach, we observed that both the wild-type and mutant Spry2 proteins Tyrosine 55 is crucial for tyrosine phosphorylation of Spry2 upon growth factor treatment. Transfected NIH3T3 cells were serum starved, treated for 10 min with FGF or EGF (40 ng/ml), and lysed. The proteins were incubated with a FLAG antibody, and the immunoprecipitates (IP FLAG) were analyzed by immunoblotting by using antibodies directed against phosphotyrosine (P-Tyr) and the FLAG tag. (A) With the exception of Spry2 Y55A, all Spry2 mutants analyzed were tyrosine phosphorylated to a similar extent as wild-type Spry2 (WT) upon FGF or EGF treatment. (B) Time course of growth factor treatment indicating that tyrosine phosphorylation of Spry2 Y55A was not delayed but dramatically reduced. Both experiments were repeated twice with similar results observed. were exclusively found in the particulate fractions ( Figure  4B , P1 and P2) and that growth factors did not affect their localization patterns. Together with the immunofluorescence analysis, this showed that tyrosine phosphorylation of Spry2 did not affect its subcellular localization and further indicated that tyrosine phosphorylation did not target Spry2 to the membrane or to vesicular structures. Interestingly, examination of the tyrosine phosphorylation state of Spry2 in the different fractions revealed that wild-type Spry2 was weakly but constitutively, phosphorylated in the P1 fraction (endosomes, lysosomes, and mitochondria membranes) but not in the P2 fraction (ER, Golgi, and plasma membranes). Growth factor treatment led to an increase of phosphorylation in the P1 fraction and induced phosphorylation in the P2 fraction. Examination of the Spry2 Y55A mutant under the same conditions suggested that the weak constitutive phosphorylation of Spry2 did not depend on the presence of Tyr55, whereas the phosphorylation generated by FGF (and to a lesser extent by EGF) in the P1 fraction, and especially the P2 fraction, required the presence of Tyr55 ( Figure 4C ).
Tyrosine Phosphorylation Regulates Spry2 Interaction with c-Cbl
We compared the ability of wild-type Spry2 and Spry2 Y55A to associate with various signaling molecules. First, we found that the different Spry proteins could complex with each other ( Figure 5A ). This interaction was independent of growth factor stimulation and consequently, both Spry1 and Spry4 coimmunoprecipitated to a similar extent with wildtype Spry2 and Spry2 Y55A ( Figure 5A ). Second, we showed that comparable amounts of wild-type Spry2 and Spry2 Y55A coimmunoprecipitated with the adaptor Grb2 in serum-starved NIH3T3 cells ( Figure 5B) . Stimulation of the cells with FGF or EGF did not affect the ability of wild-type or mutant Spry2 to complex with Grb2 ( Figure 5B ). In contrast, we found that growth factor treatment increased the coimmunoprecipitation of wild-type Spry2 with the adaptor FRS2/SNT, which recruits the Grb2/Sos complex to the activated fibroblast growth factor receptor (FGFR) ( Figure  5C ). However, Spry2 Y55A coimmunoprecipitated with FRS2/SNT as efficiently as wild-type Spry2 ( Figure 5C ). In accordance with these results, overexpression of neither wild-type Spry2 nor Spry2 Y55A altered the binding of Grb2 to FRS2/SNT induced by FGF ( Figure 5C ).
Next, we observed that binding of Spry2 to c-Cbl, which was reported to be constitutive in Cos-1 cells (Wong et al., 2001) , was clearly induced by growth factors in NIH3T3 cells ( Figure 6A ). Strikingly, this interaction was abolished by the Y55A mutation, suggesting that tyrosine phosphorylation of Spry2 was required for its association with c-Cbl ( Figure  6A ). Furthermore, examination of the amino acids surrounding Spry2 Tyr55 revealed a high degree of conservation, especially between Spry1 and Spry2 ( Figure 6B ). To test the importance of these residues for Spry phosphorylation and binding to c-Cbl, we mutated Gly58 of Spry2, which is present in both Spry1 and Spry2 but absent in Spry4, which was not tyrosine phosphorylated in NIH3T3 cells and did not bind to c-Cbl ( Figure 6C ; Wong et al., 2001) . The G58N mutation severely decreased tyrosine phosphorylation of Spry2 and its ability to bind to c-Cbl upon FGF stimulation ( Figure 6C ), thus suggesting that other amino acids in addition to the conserved Tyr55 were required for phosphorylation. We tested this idea by substituting amino acids 54, 56, 57, and 58 in Spry2 for the corresponding amino acids in Spry4. The resulting chimeric Spry2 protein (Spry2 2/4) exhibited reduced tyrosine phosphorylation and binding to c-Cbl ( Figure 6C ). These results underline the importance of both Tyr55 and the conserved surrounding amino acids and suggest that this motif interacts with the atypical SH2 domain of c-Cbl.
To further support this hypothesis, we tested the binding of various forms of Spry2 to a mutant c-Cbl (c-Cbl G306E, Lupher et al., 1996) lacking a functional SH2 domain. As predicted, coimmunoprecipitation of wild-type Spry2 with overexpressed c-Cbl G306E was less efficient (approximately fivefold reduction) than with wild-type c-Cbl ( Figure 6D,  lanes 2 and 3) . The level of c-Cbl G306E that coimmunoprecipitated with wild-type Spry2 was found to be comparable with the level of wild-type c-Cbl that coimmunoprecipitated with Spry2 G58N ( Figure 6D, lanes 3 and 4) . No coimmunoprecipitation was observed between Spry2 G58N and overexpressed c-Cbl G306E ( Figure 6D , lane 5) or between Spry2 Y55A and any of the overexpressed c-Cbl proteins ( Figure 6D, lanes 6 and 7) . Therefore, the interaction of Spry2 with c-Cbl in response to FGF involves both the conserved motif surrounding Tyr55 in Spry2 and the SH2-like domain of c-Cbl. Together, these results indicated that tyrosine phos- NIH3T3 cells were cotransfected with a HA-tagged Erk2 expression vector along with an empty expression vector (Ϫ), a wild-type Spry2 expression vector (WT), or a Spry2 Y55A mutant expression vector (Y55) for 48 h. After serum starvation, the cells were left unstimulated (Ϫ) or treated for 2 h with 40 ng/ml FGF (ϩ). Cell lysates were incubated with an antibody directed against the HA tag, and immunoprecipitates (IP HA) were analyzed by immunoblotting sequentially with an antibody directed against phosphorylated Erk1/2 (P-Erk2) and an antibody directed against HA. Expression of Spry2 Y55A was detected in the lysates (Lys.) by using an antibody directed against the FLAG tag. phorylation can regulate the interaction of Spry2 with a subset of partner proteins and suggested that the activationdependent interaction of Spry2 with c-Cbl might play a role in the negative regulation mediated by Spry2.
c-Cbl Is Not Required for Spry2 Inhibition of Growth Factor-dependent Erk1/2 Phosphorylation
The results presented in Figure 6 strongly suggested that the growth factor-induced interaction between Spry2 and c-Cbl may play an important role in Spry2-dependent cellular responses but do not discriminate between c-Cbl being an upstream regulator or a downstream effector of Spry2. To investigate the functional significance of the c-Cbl-Spry2 interaction, we tested the ability of Spry2 to regulate FGFand EGF-induced phosphorylation of Erk1/2 in c-Cbl ϩ/ϩ and c-Cbl Ϫ/Ϫ MEFs (Duan et al., 2003) . In this experiment, c-Cbl ϩ/ϩ and c-Cbl Ϫ/Ϫ MEFs were infected with either a bicistronic retroviral vector (pMSCV-MIGR1) encoding GFP and wild-type Spry2 or the empty bicistronic vector and sorted for GFP expression. The resulting GFP-positive cell populations were serum-starved and restimulated for increasing times with either FGF or EGF followed by immunoblotting with an anti-phospho-Erk1/2 antibody. Under these conditions, expression of Spry2 in the c-Cbl ϩ/ϩ MEFs led to a modest reduction in phosphorylated Erk1/2 after stimulation with FGF for 5 and 20 min compared with control MEFs that did not overexpress Spry2 ( Figure 7A , compare lanes 2 and 3 with 7 and 8). However, in the absence of c-Cbl, Spry2 was not only able to inhibit RTK signaling but was in fact more efficient at regulating phospho-Erk1/2 levels in both unstimulated and FGF-stimulated cells (compare lanes 6 through 10 with 16 through 20). This increased effect of Spry2 correlated with increased levels of Spry2 in the Spry2-infected c-Cbl Ϫ/Ϫ MEFs compared with the Spry2-infected c-Cbl ϩ/ϩ MEFs (Spry2 immunoblot), despite equivalent infection efficiency as assessed by an anti-GFP immunoblot (our unpublished data). Similarly, after EGF stimulation, there was a modest trend toward decreased phospho-Erk1/2 levels in both unstimulated and EGF-stimulated c-Cbl ϩ/ϩ MEFs expressing Spry2 compared with c-Cbl ϩ/ϩ control MEFs, particularly with respect to phospho-Erk2 ( Figure 7B , compare lanes 1-5 with 6 -10). Contrary to previous reports, expression of Spry2 in the c-Cbl ϩ/ϩ MEFs did not lead to an enhancement of RTK signaling, because there was no increase in phosphorylation of Erk1/2 compared with the corresponding GFP-infected MEFs (compare lanes 1-5 with 6 -10). In the c-Cbl Ϫ/Ϫ MEFs, where the expression of Spry2 was increased, there was an (A) Transfected NIH3T3 cells on coverslips were serum starved, left unstimulated (Ϫ), or treated with growth factor as indicated, and fixed. After permeabilization and blocking, Spry2 localization was observed by confocal microscopy by using a primary antibody directed against the FLAG tag and a fluorescein isothiocyanate-conjugated secondary antibody. For each experimental condition, a representative cell is shown. Arrows: plasma membrane. (B) NIH3T3 cells transfected with GFP and FLAG-tagged wild-type Spry2 or Spry2 Y55A were serum starved and stimulated for 10 min with the indicated growth factor (40 ng/ml). Lysates were submitted to subcellular fractionation (S, soluble fraction; P1, particulate fraction, containing endosomes, peroxisomes, and mitochondria membranes; P2, particulate fraction, containing endoplasmic reticulum, Golgi, and plasma membranes), and 1.5% of each fraction (S, 20 g; P1, 4 g; and P2, 16 g) were analyzed by immunoblotting by using the FLAG antibody to detect Spry2 and an antibody directed against the GFP to check the fractionation process. (C) Seventy-five percent of each fraction (S, 880 g; P1, 180 g; and P2, 700 g) were incubated with an antibody directed against the FLAG tag, and immunoprecipitates (IP FLAG) were analyzed by immunoblotting sequentially with an antibody directed against phosphorylated tyrosine (P-Tyr) and an antibody directed against the FLAG tag. even greater tendency for Spry2 to inhibit signaling to Erk1/2 through the EGFR (compare lanes 6 -10 with 16 -20, P-Erk1/2 and Spry2 immunoblots). Together, these genetic experiments demonstrate that c-Cbl is not required for the ability of Spry2 to inhibit RTK signaling and also suggest Figure 5 . Tyrosine phosphorylation does not affect Spry2 interaction with Grb2, FRS2/SNT, or other Spry proteins. After serum starvation, transfected NIH3T3 cells were left unstimulated (Ϫ) or treated for 10 min with the indicated growth factor (40 ng/ml). (A) Cells were transfected with plasmids expressing FLAG-tagged Spry1 or Spry4 and nontagged wild-type Spry2 or Spry2 Y55A. Cell extracts were incubated with an antibody specific to Spry2, and immunoprecipitates (IP Spry2) were analyzed by immunoblotting by using an antibody directed against the FLAG tag to visualize Spry1 or Spry4, and an antibody against Spry2 to verify the immunoprecipitation. Expression of all proteins was confirmed in the lysates (Lys.) by using the same antibodies. (B) Cell lysates were incubated with an antibody directed against the Myc tag and immunoprecipitates (IP Myc) were analyzed by immunoblotting with an antibody directed against the Myc tag to visualize Grb2 and an antibody directed against the FLAG tag to visualize Spry2. Expression of both proteins in the lysates (Lys.) was confirmed with the same antibodies. (C) Cell extracts were incubated with an antibody directed against FRS2/SNT and immunoprecipitates (IP FRS2) were analyzed by immunoblotting with antibodies directed against FRS2, the FLAG tag and Grb2. FGF stimulation caused a mobility shift in FRS2 (serine phosphorylation), induced coimmunoprecipitation of endogenous Grb2 with endogenous FRS2, and increased coimmunoprecipitation of overexpressed wild-type Spry2 and Spry2 Y55A with endogenous FRS2. All experiments were performed at least twice with the same results obtained. Figure 6 . Tyrosine phosphorylation regulates Spry2 interaction with c-Cbl. After serum starvation, transfected NIH3T3 cells were left unstimulated (Ϫ) or treated for 10 min with the indicated growth factor (40 ng/ml). (A) Cell lysates were incubated with an antibody directed against the FLAG tag, and immunoprecipitates (IP FLAG) were analyzed by immunoblotting with an antibody directed against c-Cbl (endogenous), an antibody specific to phosphorylated tyrosine (P-Tyr), and an antibody against the FLAG tag. (B) Amino acid sequence alignment of the N-terminal regions containing the crucial tyrosines of the various mouse Spry proteins. Identical residues are indicated in bold and boxed. Spry1 and Spry2 share a stretch of seven identical residues, which exhibit some similarities to the c-Cbl SH2 domain-binding motif (SH2 domainbinding motif) and the c-Src autophosphorylation site (Src autoP). (C) Cell extracts were treated as in A, and the immunoprecipitates (IP FLAG) were analyzed by immunoblotting with an antibody directed against c-Cbl (endogenous), an antibody specific to phosphorylated tyrosine (P-Tyr), and an antibody against the FLAG tag. (D) Cell extracts were treated as in A, and the immunoprecipitates (IP FLAG) were analyzed by immunoblotting with an antibody against c-Cbl (a short exposure allowing only detection of transfected c-Cbl is shown) and an antibody against the FLAG tag. Expression of transfected wild-type and mutant c-Cbl was confirmed in the lysates with an antibody against c-Cbl and a short exposure of the film. All experiments were repeated at least twice with similar results obtained.
that Spry2 can inhibit both FGF, as well as EGF signaling in MEF cells.
The increased levels of total Spry2 in the Spry2-infected c-Cbl Ϫ/Ϫ MEFs suggested that rather than being an effector of Spry2 through an adaptor function, c-Cbl negatively regulated Spry2 by means of ubiquitylation. To test this hypothesis, we compared the ability of wild-type c-Cbl and the Src homology (SH)2 domain mutant G306E to target transfected Spry2 for ubiquitylation in Flg22 cells, a NIH3T3-derived cell line engineered to overexpress the FGFR1. As predicted, maximal polyubiquitylation of Spry2 required both stimulation with FGF and coexpression of wild-type c-Cbl ( Figure  7C, compare lanes 1 and 2 with 3 and 4) . In contrast, the c-Cbl G306E mutant, which is defective in binding Spry2 ( Figure 6D ), was unable to mediate Spry2 ubiquitylation ( Figure 7C , compare lane 4 with 5), despite expression at levels comparable with that of wild-type c-Cbl (HA immunoblot). Moreover, Spry2 Y55A, which fails to bind c-Cbl ( Figure 6C ), was insensitive to c-Cbl-mediated ubiquitylation ( Figure 7C, lanes 6 -9) . These findings strongly support the conclusion that FGF-dependent Spry2 ubiquitylation is controlled by c-Cbl.
Next, we asked whether the ability of c-Cbl to promote polyubiquitylation of Spry2 correlates with a change in Spry2 protein levels. To address this question directly, we compared the ability of HA-tagged wild-type c-Cbl and the SH2 domain mutant G306E to control Spry2 protein levels in NIH3T3 cells. Coexpression of Spry2 with increasing amounts of wild-type c-Cbl led to a dose-dependent reduction in the level of Spry2 protein ( Figure 7D , compare lane 2 with 3 and 4). In contrast, the c-Cbl G306E mutant was unable to decrease Spry2 protein levels (lanes 5 and 6), despite expression at levels comparable with that of wildtype c-Cbl (HA immunoblot). Importantly, pretreatment of cells with the proteasome inhibitor LLnL resulted in robust stabilization of Spry2 protein levels under all experimental conditions tested (compare lanes 1-6 with 7-12). The combined results of these experiments demonstrate that c-Cbl regulates Spry2 protein levels in an activation-dependent manner by means of ubiquitylation and subsequent proteosomal degradation.
Tyrosine Phosphorylation of Spry2 Depends on a Src-like Kinase Activity
To elucidate the signaling events leading to the tyrosine phosphorylation of Spry2, we first used pharmacological inhibitors selective for Src-family kinases, the FGFR and the epidermal growth factor receptor (EGFR). A dose-dependent inhibition of Spry2 phosphorylation induced by FGF was observed in the presence of the Src inhibitors PP2 (Hanke et al., 1996) and SU6656 (Blake et al., 2000) ( Figure  8A ). Phosphorylation was significantly decreased with 1 M PP2 and almost completely blocked with 5 M PP2. A similar result was obtained with the highly specific Src inhibitor SU6656; tyrosine phosphorylated Spry2 levels were significantly reduced in the presence of 0.2 M SU6656 and barely detectable with 0.6 M SU6656. At 10 and 50 M, the FGFR kinase inhibitor SU5402 (Mohammadi et al., 1997) inhibited both autophosphorylation of the FGFR and tyrosine phosphorylation of Spry2, thus demonstrating that the kinase activity of the receptor is a prerequisite for Spry2 tyrosine phosphorylation. Similar data were obtained for EGF-dependent phosphorylation of Spry2 by using the Src inhibitors and the selective inhibitor of the EGFR kinase AG1478 (Osherov and Levitzki, 1994) (Figure 8B ). Even though Src kinases can phosphorylate the EGFR (Tice et al., 1999) , PP2 and SU6656 had only a slight effect on receptor autophosphorylation at inhibitor concentrations well above those that had effects on Spry2 phosphorylation. This confirmed that the Src inhibitors did not block Spry2 phosphorylation by preventing receptor activity. Collectively, these data suggested that both FGF and EGF stimulate the tyrosine phosphorylation of Spry2 through Src or a closely related kinase.
To further investigate this idea, we tested whether Src-like kinases were able to promote the tyrosine phosphorylation of Spry2. Cotransfection of c-Src, the prototypical member of this protein tyrosine kinase family, led to a strong tyrosine phosphorylation of Spry2 in serum-starved NIH3T3 cells ( Figure 8C ). In contrast, cotransfection of a catalytically inactive Src (Src K297R; Brown and Cooper, 1996) , which is unable to bind ATP or phosphorylate substrates, failed to yield constitutive phosphorylation of Spry2, indicating that the kinase activity was necessary ( Figure 8C ). As with growth factor stimulation, both Spry1 and Spry2 but not Spry4, were tyrosine phosphorylated in the presence of cSrc, thus demonstrating the specificity of the effect ( Figure  8C) . Furthermore, the tyrosine phosphorylation mediated by c-Src, like that induced by growth factors, led to the formation of a complex between Spry2 and c-Cbl. c-Src could neither induce tyrosine phosphorylation of Spry2 Y55A nor could it induce complex formation between c-Cbl and Spry2 Y55A (Figure 8, C and D) . These results suggested that c-Src, or a related kinase, was responsible for the tyrosine phosphorylation of Spry2 stimulated by growth factors. This idea was further supported by the finding that the tyrosine phosphorylation of Spry2 induced by FGF or EGF was decreased upon cotransfection of NIH3T3 cells with a dominant-negative Src (Src K296R/Y528F; Brown and Cooper, 1996) , which competitively titrates activators of endogenous Src but is kinase deficient ( Figure 8E) . Importantly, the dominant-negative Src had no effect on the autophosphorylation and thus activity of both the FGFR and EGFR. This result correlated with the data obtained in the PP2 and SU6656 experiments (Figure 8, A and B) and also strongly suggested that both FGF and EGF mediate the tyrosine phosphorylation of Spry2 through a Src-like kinase.
DISCUSSION
The Spry proteins seem to guide development by limiting the activity of RTKs in a dual feedback loop. Growth factors induce the expression of the spry genes and regulate the activity of the Spry proteins through rapid and reversible tyrosine phosphorylation. Phosphorylation was specific to the combination of growth factor, the Spry isoform, and the cell type. Clear differences in the kinetics of tyrosine phosphorylation of the Spry proteins by a given growth factor were also observed. In NIH3T3 cells, Spry1 was phosphorylated by FGF and PDGF, Spry2 by FGF and EGF, whereas Spry4 was not phosphorylated in response to any of the growth factors tested. In MEFs, endogenous Spry1 was tyrosine phosphorylated by FGF, PDGF, and EGF, whereas in 293T cells, only Spry2 was phosphorylated by FGF and EGF (our unpublished data). Collectively, these data suggest that tyrosine phosphorylation of a Spry protein is a highly regulated event and that the Spry proteins are not functionally equivalent, even if they all inhibit RTK signaling upon overexpression.
Tyr55 was required for Spry2 phosphorylation in FGFand EGF-stimulated NIH3T3 cells. The simplest interpretation of these data is that Tyr55 is the only tyrosine phosphorylated in response to growth factors. However, it remains possible that other tyrosines within Spry2 are phos- ϩ/ϩ and c-Cbl Ϫ/Ϫ MEF cells were infected with either the pMSCV-MIGR1 retroviral vector (vector) or a vector harboring FLAG-tagged wild-type Spry2 (Spry2) and sorted for GFP-positive cells. These cells were then serum starved for 18 h followed by FGF stimulation (20 ng/ml) for the indicated amount of time. Lysates (50 g) were analyzed by immunoblotting sequentially with an antibody against phosphorylated Erk1/2 (P-Erk1/2), an J.M. Mason et al. phorylated in addition to Tyr55 either simultaneously or in succession. In support of this idea, a low level of tyrosine phosphorylation of the Spry2 Y55A mutant was detected in the P1 cell fraction ( Figure 4C ). Analysis of Spry1 indicated that the conserved tyrosine (Tyr53) played an analogous role in its phosphorylation (our unpublished data). This critical tyrosine is conserved among all known Spry proteins and is located in a short conserved stretch of seven amino acids ( Figure 6B ). In Spry1 and Spry2, this sequence is similar to the autophosphorylation site of Src family kinases (Smart et al., 1981) , whereas the sequence around the conserved tyrosine in Spry4 (Tyr53), which was not phosphorylated in response to growth factors, is more divergent. c-Src, or a closely related kinase, was required for Spry2 phosphorylation. First, overexpression of c-Src led to constitutive tyrosine phosphorylation of both Spry1 and Spry2 with characteristics similar to the ones induced by growth factors. Second, growth factor-dependent Spry2 tyrosine phosphorylation was blocked by two Src kinase inhibitors, as well as by a dominant-negative Src mutant. Src and related kinases mediate growth factor signaling (Twamley-Stein et al., 1993; Roche et al., 1995; Kuo et al., 1997; Weinstein et al., 1998) and play important roles in many of the processes affected by Spry overexpression, such as cell proliferation (Impagnatiello et al., 2001) , migration (Yigzaw et al., 2001) , and neurite outgrowth (Gross et al., 2001) . We were unable to demonstrate phosphorylation of Spry1/2 by recombinant Src in vitro and did not consistently detect Spry2 in a complex with Src. Nevertheless, the data presented indicate that a Src kinase, or a closely related kinase, even if not directly modifying Spry2, is critical for its tyrosine phosphorylation.
Tyrosine phosphorylation of Spry2 was required for its ability to inhibit growth factor signaling. In agreement with others Hanafusa et al., 2002) , we observed that Spry2 Y55A was a dominant-negative mutant, enhancing growth factor signaling. In this context, the observation that the Spry proteins interact might be significant. Loss of phosphorylation may alter the localization of the mutant protein, lead to sequestration of the wild-type protein and/or alter interactions with Spry partner proteins. We found that Spry2 was located in a particulate cell fraction and that its tyrosine phosphorylation state did not affect its subcellular localization. This correlates with the finding that deletion of a region of Spry2, including Y55, did not affect the localization of the protein (Lim et al., 2000) . Therefore, we favor the hypothesis that phosphorylation of Spry proteins modulates their interaction with essential cofactors. Spry2 Tyr55 is located in a conserved stretch of residues similar to the c-Cbl SH2 domain-binding motif (Lupher et al., 1996) , suggesting that Spry2 phosphorylation may induce binding to SH2 domain-containing proteins. However, we found that the constitutive interaction of Spry2 with phosphotyrosine-binding domain-containing proteins, such as Grb2 or FRS2/SNT, or other Spry proteins was unaffected by mutation of Tyr55. In contrast, we showed that the FGFinduced tyrosine phosphorylation of the putative SH2 domain-binding motif of Spry2 was required for binding to c-Cbl. Furthermore, the c-Cbl SH2-like domain was required for its efficient binding to Spry2. Because tyrosine phosphorylation was required for Spry2 function, we propose that tyrosine phosphorylation of Spry2 functions as a molecular switch to control its activity. Although the exact mechanism(s) by which Spry2 inhibits RTK signaling remains unknown, our results strongly suggest that the activation-dependent interaction between Spry2 and c-Cbl is an important factor for Spry function.
c-Cbl is involved in RTK function, transducing the signal as a multivalent adaptor protein, as well as terminating it via endocytosis/ubiquitylation of the receptor through its function as a E3 ubiquitin ligase (Thien and Langdon, 2001; Tsygankov et al., 2001) . If c-Cbl were an effector of Spry2 then it could be proposed that Spry2 worked either by interfering with the ability of c-Cbl to act as an adaptor or by augmenting the ubiquitin ligase activity of c-Cbl. However, we found that the ability of Spry2 to inhibit basal, as well as growth factor-induced phosphorylation of Erk1/2 was not compromised, but particularly in the case of FGF, was enhanced in c-Cbl Ϫ/Ϫ MEFs. This demonstrates that c-Cbl is dispensable for Spry2 action in this cellular context. Our genetic result contrasts with a report utilizing overexpressed proteins that suggested the c-Cbl-Spry2 complex was required for the ability of Spry2 to inhibit FGF signaling (Fong et al., 2003) . It remains possible that the c-Cbl-Spry2 interaction will influence other growth factor-dependent responses. In addition, other Cbl family members could also play a role in Spry function. However, the fact that Spry4 can potently inhibit growth factor signaling (Lee et al., 2001; Sasaki et al., 2003) but does not significantly associate with c-Cbl is consistent with the notion that c-Cbl may not be an essential cofactor for Spry proteins.
Our data and those recently reported by others (Egan et al., 2002; Hall et al., 2003; Rubin et al., 2003) indicate that c-Cbl is a regulator of the stability and hence activity of Spry2. First, we detected higher levels of Spry2 in c-Cbl
MEFs compared with control MEFs. Second, we demonstrated that FGF-dependent polyubiquitylation of Spry2 was mediated by wild-type c-Cbl and was abolished by mutation of the SH2-like domain of c-Cbl. Third, we observed that coexpression of Spry2 with increasing amounts of c-Cbl led to a progressive decline in Spry2 levels in a manner dependent on the presence of a functional c-Cbl SH2-like domain. This decrease was blocked by pretreatment of the cells with a proteasome inhibitor. Thus, our results support the emerging model in which the association of c-Cbl with Spry2 results in polyubiquitylation and subsequent degradation of Spry2 by the proteasome.
Spry2 overexpression inhibited FGF signaling in all cells analyzed to date; however, in many systems, Spry2 does not inhibit EGF signaling (Impagnatiello et al., 2001; Sasaki et al., 2001; Egan et al., 2002; Wong et al., 2002) . In our previous study in Tet-repressible NIH3T3 cells, Spry2 blocked FGF and PDGF signaling but had no effect on EGF signaling Figure 7 (facing page) antibody against total Erk1/2, an antibody against c-Cbl, and an antibody against Spry2. In addition to Spry2, the Spry2 antibody cross-reacted with a slower-migrating, nonspecific band. B as in A but with EGF stimulation (20 ng/ml) for the indicated amount of time. (C) Flg22 cells, transfected with plasmids expressing HA-tagged ubiquitin (2 g), FLAG-tagged wild-type Spry2 (5 g) or Spry2 Y55A (5 g), and HA-tagged wild-type c-Cbl (2 g) or c-Cbl G306E (2 g) were serum starved for 12 h in the presence of LLnL (50 M), stimulated with FGF (10 min, 40 ng/ml), and lysed in radioimmunoprecipitation assay buffer. Anti-FLAG immunoprecipitates (IP FLAG) from 1-mg aliquots of lysate were analyzed by sequentially immunoblotting with an antibody against ubiquitin (Ub) and an antibody against the FLAG tag. Equal aliquots (50 g) of cell lysates were immunoblotted with an antibody against HA. (D) NIH3T3 cells, transfected with plasmids expressing FLAG-tagged Spry2 and HA-tagged wild-type c-Cbl or c-Cbl G306E, were left untreated (Ϫ) or treated for 12 h with LLnL (50 M). Lysates (50 g) were analyzed by immunoblotting sequentially with an antibody against the FLAG tag and an antibody against the HA tag. All experiments were repeated three times with similar results obtained. (Gross et al., 2001; our unpublished data) . Recently, proposed that the binding of Spry2 to c-Cbl interfered with its ubiquitin ligase activity, leading to enhanced EGFR expression and signaling. In the current study, in which modest amounts of Spry2 were retrovirally expressed in MEFs, Spry2, rather than augmenting EGF signaling, modestly decreased EGF signaling to Erk1/2. The differences in the results between investigators may be related to differences in signaling between the EGFR and FGFR, different cell types used, and the level of overexpression of Spry2 and RTKs. Although transfection of Spry2 may titrate c-Cbl and enhance signaling under certain circumstances, it is uncertain whether such levels of Spry2 expression occur naturally. According to our data, modest expression levels of Spry2 tend to inhibit and not enhance signaling by both the EGFR and FGFR. This is consistent with genetic data in Figure 8 . Tyrosine phosphorylation of Spry2 depends on a Src-like kinase activity. (A) NIH3T3 cells, transfected with FLAG-tagged Spry2, were serum starved for 12 h. Before FGF stimulation (10 min, 40 ng/ml), the cells were left untreated (0) or treated for 2 h with the indicated amount of PP2, SU6656, or SU5402. Lysates were incubated with the FLAG antibody, and immunoprecipitates (IP FLAG) were analyzed by immunoblotting sequentially with an antibody specific to phosphorylated tyrosine (P-Tyr) and an antibody against the FLAG tag. Equal aliquots (50 g) of cell lysates were immunoblotted sequentially with an antibody against phosphotyrosine to detect the activated FGFR (p-Tyr) and an antibody against GAPDH. (B) NIH3T3 cells, transfected with FLAG-tagged Spry2, were serum starved for 12 h. Before EGF stimulation (10 min, 40 ng/ml), the cells were left untreated (0) or treated for 2 h with the indicated amount of PP2, SU6656, or AG1478. Lysates were incubated with the FLAG antibody and immunoprecipitates (IP FLAG) were analyzed by immunoblotting sequentially with an antibody specific to phosphorylated tyrosine (P-Tyr) and an antibody against the FLAG tag. Equal aliquots (50 g) of cell lysates were immunoblotted sequentially with an antibody against the activated EGFR (P-EGFR) and an antibody against GAPDH. (C and D) NIH3T3 cells, transfected with the indicated plasmids, were serum starved and lysed. The cell lysates were incubated with the FLAG antibody, and immunoprecipitates (IP FLAG) were analyzed by immunoblotting with an antibody specific to phosphorylated tyrosine (P-Tyr), an antibody against c-Cbl (endogenous), and an antibody against the FLAG tag. Src kϪ is a mutated form of c-Src devoid of kinase activity (Src K297R). (E) NIH3T3 cells, transfected with the indicated plasmids and serum starved, were left untreated (Ϫ) or stimulated for 10 min with FGF (40 ng/ml) or EGF (40 ng/ml) before lysis. Immunoprecipitation and immunoblotting were performed as in A and B. Src DN is a dominant-negative form of c-Src (Src K296R/Y528F).
Drosophila indicating that dSPRY inhibits the EGFR, as well as all other Drosophila RTKs tested (Hacohen et al., 1998; Casci et al., 1999; Kramer et al., 1999; Reich et al., 1999) . Clearly, loss of function studies using RNA interference or cells deficient in Spry2 will be essential to clarify how Spry2 affects EGF versus FGF signaling in mammals.
In conclusion, we demonstrated a dual feedback loop in which the activity and stability of Spry proteins can be regulated by tyrosine phosphorylation. In NIH3T3 cells, FGF and EGF stimulation activates a Src-like kinase, leading to the phosphorylation of Spry2, potentially at Tyr55. This phosphorylation may enable Spry2 to recruit a cofactor to inhibit Ras activation in response to growth factor signaling (Gross et al., 2001) . Our genetic data suggest that c-Cbl is not this factor. Furthermore, although others have suggested that Spry2 regulates signaling by inhibiting the interaction of FRS2/SNT with Grb2/Sos (Hanafusa et al., 2002) , we consistently find (Gross et al., 1999;  Figure 5C ) that Spry2 has no effect on ternary complexes between Grb2/SOS and FRS2/ SNT. Hence, identification of other proteins that bind to Spry2 in a tyrosine phosphorylation-dependent manner may yield new insights into the mechanism of action of Spry2 and Spry1. A clear and consistent result among many laboratories indicates that phosphorylation of Spry2 results in the recruitment of c-Cbl, and the subsequent polyubiquitylation and proteosomal degradation of Spry2. This model allows for the controlled, homeostatic inhibition of signal transduction in response to growth factors. Whether this protein tyrosine kinase-dependent negative and positive feedback mechanism holds for other Spry proteins, such as Spry4, which cannot bind c-Cbl, is currently unknown. Future studies aimed at unraveling the role of these proteins in RTK signaling will be best approached in cells isolated from gene-targeted animals.
